Solvent Polarity Scales, Polarity of Alcohols, Acceptor Number AN, Polarity Parameter Z and Ex (30) The acceptor number AN and the polarity parameters Z and ET(30) were determined for a series of alcohols applied as media in the study of kinetic solvent effects. The alcohols thus characterized are methanol, ethanol, 1-propanol, 1-butanol, 2-butanol, 2-methyl-2-butanol, 3-pentanol, 2-chloroethanol, 2-methoxyethanol, 2-phenylethanol, 2-cyanoethanol, benzyl alcohol, 3-ethyl-3-pentanol, 2,4-dimethyl-3-pentanol, and 3-ethyl-2,4-dimetliyl-3-pentanol. In addition, AN was determined for 1,2-dichloroethane and Z for the binary solvent mixtures methanol/2-methyl-2-butanol, ethanol/2,2,2-trifluoroethanol. and methanol/pyridine. The data obtained are correlated and the parameters AN, Z, and ET(30) are critically compared.
Introduction
Studies on the kinetics of ligand substitution in four-coordinate transition metal complexes in various organic media [1] led us to attempt the correlation of the kinetic solvent effects observed with suitable solvent parameters. Since most of the solvents applied were protic species there was a special interest in those physical or empirical solvent polarity parameters which reflect the ability of the solvent to form hydrogen bonds and to act as an electron pair acceptor.
Within the wide spectrum of standard procedures for the empirical characterization of solvent polarity the spectroscopic procedures based on solvatochromic organic dyes have become very valuable. Thus the Z values introduced by Kosower [2] in 1958 and especially the ET (30) values introduced by Dimroth, Reichardt, Siepmann and Bohlmann [3] in 1963 represent easily accessible polarity parameters of great practical importance [4] , Our kinetic studies mentioned above revealed that the rate constants observed in various alcohols can be properly correlated with the corresponding ET(30) values [5] , It is reported [6] that Z is linearly related to ET(30) and that the acceptor number AN, as introduced by Gutmann et al. [7] on the basis of 31 P NMR chemical shift values of a suitable trialkylphosphine oxide, also correlates linearly with Z and ET(30). It appeared to be useful and of general interest, therefore, to determine the hitherto unknown AN, Z, and ET(30) values of a series of alcohols and to examine the correlations existing between these parameters.
Experimental
With the exception of 3-ethyl-2,4-dimethyl-3-pentanol ("diisopropyl ethyl carbinol") which was synthesized according to the literature [8] all solvents were commercially available. Those which were supplied in reagent grade were not further purified whereas the others were fractionated. The solvents n-hexane and 1.2-dichloroethane were treated with conc. H2SO4 [9] prior to distillation. All solvents were dried with molecular sieves (3 A or 4 Ä) under nitrogen statically or dynamically.
A sample of the solvatochromic dye 2,6-diphenyl-4-(2,4,6-triphenyl-l-pyridinio)-phenolate for the determination of ET(30) values was kindly provided by Prof. Reichardt (Universität Marburg). The solvatochromic compound l-ethyl-4-carbomethoxypyridinium iodide for the determination of Z values was prepared as described in the literature [10] .
The spectrophotometric measurements were done with a Perkin-Elmer spectrophotometer (PE 554). The exact position of the maximum of absorption in the long wavelength range was determined by repeated recording of the 1st derivative of the spectra and by averaging the /.max values obtained. ET(30) and Z were calculated according to ET(30) or Z (kcal/mol) = 2.859 • 10 4 //max (nm) (the presentation of these parameters in units of kcal instead of kJ has become standard).
The 31 P NMR spectra were recorded at 27-28 °C (protons decoupled) with a "Pulse-Eourier-Transform"-NMR spectrometer (Bruker WH-90), the samples being introduced in 5 mm coaxial NMR tubes (Wilmad Glass Company, Inc.). The inner capillary tube was filled with a solution of the external standard P(OMe)3 (Merck-Schuchardt) in C6Ü6 and then sealed, whereas the outer tube contained (n-Bu)3PO (Merck-Schuchardt) dissolved in the solvent to be studied at 4 different concentrations in the range 0.05-0.2 M.
Results
The acceptor number AN as introduced by Gutmann et al. [7] for the characterization of the electrophilic properties of a solvent was derived from the relative 31 P NMR chemical shift value observed for triethylphosphine oxide dissolved in a given solvent. The phosphorus compound (CÖHÖ^POCI served as an external standard in these measurements.
The AN scale was set up by defining AN(n-hexane) = 0 and AN(Et3PO • SbCl5) = 100. The calculation of AN for a given solvent S is therefore based on the following equation (<5COr = observed chemical shift b corrected for concentration effects and for differences in volume magnetic susceptibilities) :
The term [<5COr(Et3PO • SbCl5) -<5COr(w-hexane)] was found to be -42.58 ppm [7] , Eq. (1) reduces therefore to eq.(2):
The compound Et3PO is hygroscopic and therefore not very suitable from an experimental point of view. Following Hormadaly and Marcus [11] we decided to use (n-Bu)3PO instead of Et3PO as an indicator compound, and P(OMe)3 in CeDö instead of (C6H5)2P0C1 [7] or conc. H3P04 [11] as external standard.
Most of the experimentally observed chemical shift values dexp are slightly dependent on the concentration of (>I-BU)3PO and were extrapolated to (3oo on the basis of equation (3):
The data obtained for Öqo and for the slope m by least square fitting are compiled in Table I . as are the Scot values, corrected for differences in volume magnetic susceptibilities, and the values for zldcor = (5cor(S) -(5COr(w-hexane). 
Diskussion
The acceptor numbers listed in Table I demonstrate that with the exception of the tertiary alcohol 2-methyl-2-butanol (AN = 18.6) and the secondary alcohol 2-butanol (AN = 26) the data obtained for the other alcohols all lie in the range of 30-40. As compared to the parent compound ethanol the acceptor number of ethanol carrying strongly electron withdrawing groups such as -Cl (alcohol 3) or --CN (alkohol 6) in 2-position is markedly increased. On the other hand, however, the effect caused by the methoxy group (alcohol 4) and by the phenyl group (alcohol 5) is unexpectedly small. It is conceivable that the substituted alcohols 3-6 are somewhat "biphilic" in nature and that intermolecular interactions such as
have to be considered in addition to the expected interactions of the type RsPO-HO-R' between the indicator compound and an alcohol R'OH. The low AX values obtained for the tertiary alcohol 12 and for the secondary alcohol 9 are probably due to inductive and steric effects of the alkyl groups.
The acceptor numbers of methanol, ethanol, and 1,2-dichloroethane have been determined by Gutmann et al. [7] and also in the present study. It Fig. 1 . Correlation of the acceptor number AN of the solvents 1-14 (see Table I ) with the polarity parameter ET(30). The data for ET(30) were taken from ref.
[4] and from Table II. follows from Table I that the data obtained clearly disagree in the sense that the present data are consistently smaller by 4-5 AN units. There is no obvious argument explaining this disagreement. The fact, however, that AN(acetic acid) = 52.9 as reported by Gutmann et al. [7] is also paralleled by a considerably smaller value of 49.0 as found by Marcus and Hormadaly [11] points to some systematic deviation (possibly resulting from the application of different phosphorus reference compounds and from different purity standards). According to Reichardt (R -0.978). which is in fair agreement with the results reported by Reichardt. Table II presents some new Z and ET(30) values for ethanol differently substituted in 2-position and for some alkylated alcohols. It is obvious that Z increases parallel to ET(30). The number of data is too small to propose a reasonably reliable correlation of the type Z = a • ET(30) -f b, which is reported by Reichardt [12] to be valid for 54 pure organic solvents with a = 1.337 and b = 9.80 (R = 0.978). It should be pointed out that the Z value given for 2-chloroethanol may be too small due to the instability of the dye solution upon standing. Table III summarizes the Z values obtained for three solvent mixtures. It follows from the data that the behaviour of these mixtures is more or less non-ideal in the sense that Z (observed) > Z (ideal). (Z (ideal) corresponds to Z values linearly increasing with the mole fraction of the cosolvent). This type of behaviour is observed for the polarity parameter ET(30) as well [13] and points to strongly disturbed structuring of the parent solvent even at small concentrations of the more polar co-solvent.
In the system EtOH/2,2,2-trifluoroethanol the increasing acidity of the mixture destroys Kosower's substituted pyridinium iodide at #CF3CH2OH >0.45.
Conclusions
For a series of alcohols the acceptor number AN as well as the polarity parameters Z and ET(30) have been determined. All three parameters appear to be equally well suited for describing the capacity of a protic solvent to interact through hydrogen bonding and to function as an electron pair acceptor. From an experimental point of view, however, the determination of ET(30) instead of AN or Z is to be preferred for the following reasons: (i) ET(30) values are obtained more easily and more rapidly than AN values, (ii) a greater chemical stability and solvatochromic sensitivity of the corresponding indicator compound favour ET(30) as compared to Z. and consequently, (iii) the experimental precision in determining ET(30) is greater than in the case of Z.
